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ABSTRACT 

Interstellar polarimetric data of the six open clusters Hogg 15, NGC 6611, NGC 
5606, NGC 6231, NGC 5749 and NGC 6250 have been used to estimate the mem- 
bership probability for the stars within them. For proper-motion member stars, the 
membership probability estimated using the polarimetric data is in good agreement 
with the proper-motion cluster membership probability. However, for proper-motion 
non-member stars, the membership probability estimated by the polarimetric method 
is in total disagreement with the proper-motion cluster membership probability. The 
inconsistencies in the determined memberships may be because of the fundamental 
differences between the two methods of determination: one is based on stellar proper- 
motion in space and the other is based on selective extinction of the stellar output 
by the asymmetric aligned dust grains present in the interstellar medium. The results 
and analysis suggest that the scatter of the Stokes vectors q(%) and u{%) for the 
proper-motion member stars depends on the interstellar and intra-clustcr differential 
reddening in the open cluster. It is found that this method could be used to estimate 
the cluster membership probability if we have additional polarimetric and photometric 
information for a star to identify it as a probable member/non-member of a particular 
cluster, such as the maximum wavelength value (A maa: ), the unit weight error of the fit 
(di). the dispersion in the polarimetric position angles (e), reddening {E{B — V)) or 
the differential intra-clustcr reddening (AE(B — V)). This method could also be used 
to estimate the membership probability of known member stars having no member- 
ship probability as well as to resolve disagreements about membership among different 
proper-motion surveys (Dias et al. 2006, Baumgardt et al. 2000, Belikov et al. 1999, 
Tucholkc et al. 1986, Berger 1982). 

Key words: Open clusters: polarization - membership probability: individual (Hogg 
15, NGC 6611, NGC 5606, NGC 6231, NGC 5749, NGC 6250) 



1 INTRODUCTION 

In studies of star clusters there are several interesting as- 
pects to be understood, such as stellar evolution, galactic 
structure and evolution, and stellar dynamics. Compared to 
single stars, distant star clusters can be identified more easily 
and their age can be determined more reliably. Since their 
inception, studies of star clusters have focused on cluster 
membership. 

Proper-motion studies on cluster membership have 
made very significant contributions to star cluster research. 
The basic goal of astrometric cluster membership studies is 
the production of a color- magnitude diagram of probable 
members with reduced field star contamination (Cudworth 
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1997). It is difficult to confirm or discount the membership 
of stars having peculiarities, e.g., pre-main-sequence stars, 
super-giants, Cepheids or other variables (Cudworth 1997). 
Proper motions with standard errors of 4 to 7 mas yr' 1 will 
convey membership information at magnitudes down to ~ 
16th magnitude (Zacharias et al. 2004). Moreover, such pre- 
cision can be achieved with more than one image/plate at 
each epoch and an epoch difference of 10 to 15 years depend- 
ing on the distance to the object when the telescope plate 
scale is ~ 10 arcsec mm -1 (Cudworth 1986,1997). However, 
several disagreements about memberships among different 
proper-motion surveys have arisen (Dias et al. 2006, Baum- 
gardt et al. 2000, Belikov et al. 1999, Tucholke et al. 1986, 
Berger 1982). To overcome the limitations of the current 
method, another robust method is required that is indepen- 
dent of the current method. 
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Table 1. List of selected open clusters for analysis 



Cluster Name 


E(B - V)(in mag) 


Distance (in kpc) 


Age (in Myr.) 


Polarimetric data 


Proper-motion membership 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


Hogg 15 


1.16 ± 0.03 


3.0 ± 0.3 


6.0 ± 2 


Orsatti et al. 1998 


Dias et al. 2006 


NGC 6611 


0.85 ± 0.05 


3.2 ± 0.3 


3.0 ± 2 


Orsatti et al. 2000 


Belikov et al. 1999 


NGC 5606 


0.50 ± 0.05 


2.4 


6.0 ± 2 


Orsatti et al. 2007 


Dias et al. 2006 


NGC 6231 


0.46 ± 0.05 


1.6 ± 0.05 


4.0 ± 1 


Feinstein et al. 2003 


Dias et al. 2006 


NGC 5749 


0.42 ± 0.04 


1.2 ± 0.18 


27.0 


Vergne et al. 2007 


Dias et al. 2006 


NGC 6250 


0.33 ± 0.05 


1.0 


14.0 


Feinstein et al. 2008 


Dias et al. 2006 



The light from distant stars is partially plane polarized, 
which is thought to be due to dust grains in the interstel- 
lar medium, which are also responsible for the reddening 
of starlight. According to the Davis and Greenstein mech- 
anism, the polarization of starlight is caused by selective 
extinction due to asymmetric dust grains aligned in the in- 
terstellar medium, possibly by the galactic magnetic field 
(Davis et al. 1951). However, identifying the dominant grain 
alignment mechanism has proved to be an intriguing prob- 
lem in grain dynamics (Lazarian et al. 1997). If the polar- 
ization is specifically produced by the dust grains present 
in the interstellar medium, then it will depend on distance 
as well as the generation method of the dust grains in that 
line of sight. Hence, the percentage of polarization and po- 
sition angle along with the interstellar reddening may pro- 
vide an independent measure of cluster membership proba- 
bility under certain conditions (Feinstein et al. 2008, Vergne 
et al. 2007, Berger 1982). In this paper, the consistency tests, 
assumptions and validity of polarimetric cluster member- 
ship probability in comparison with proper-motion cluster 
membership probability will be explored using interstellar 
polarimetric data available for different open clusters. The 
rest of the paper is organized as follows. In Section 2 we 
present the concept of polarimetric cluster membership and 
selection of open clusters. The details of the procedures and 
method adopted for estimating polarimetric cluster mem- 
bership probabilities are presented in Section 3. In Section 
4 we present the scatter of the Stokes vectors in q(%) ver- 
sus u(%) plots. In Section 5 we discuss intrinsic sources of 
polarization in stars. The polarimetric cluster membership 
probability for stars is presented in Section 6. In Section 7 
we present a detailed study of the open cluster NGC 6231. 
Finally, a discussion is presented in Section 8, and we con- 
clude with a summary in Section 9. 



2 POLARIMETRIC CLUSTER MEMBERSHIP 
AND SELECTION OF OPEN CLUSTERS 

In the past few years, interstellar polarization has been used 
to obtain the cluster membership probability for individ- 
ual stars in different open clusters (Feinstein et al. 2008, 
Vergne et al. 2007, Berger 1982). The stellar output of indi- 
vidual stars of different clusters passing through a substan- 
tial amount of interstellar matter is subject to extinction and 
linear polarization. Both phenomena depend on the parti- 
cle size distribution of the aligned dust grains and vary as 
a function of the product of the particle size distribution 
and the appropriate cross section for extinction and polar- 
ization. However, the polarization also depends on the frac- 



tion of asymmetric dust grains of a particular size which are 
aligned by the galactic magnetic field. A correlation between 
these two phenomena cannot be obtained for all cases due 
to variations of the grain alignment efficiency. Entire popu- 
lations of unaligned and unelongated grains may contribute 
to extinction but not to polarization. Ideally, the member 
stars of a particular cluster should show similar interstellar 
polarization and position angles because their light outputs 
encounter the same amount of dust grains and a homoge- 
neous magnetic field, as they are located at nearly the same 
distance. It is expected that non-member stars will show dif- 
ferent interstellar polarizations and position angles because 
they are located at different distances/lines of sight and their 
light outputs encounter different amounts and sizes of dust 
grains. However, this may not be true for all cases. If the dis- 
tribution of dust grains and magnetic fields are not uniform 
inside a cluster and/or in a line of sight, then the member 
stars of a cluster would show different interstellar polariza- 
tions and position angles. Large scale changes in the dust 
grain distribution and magnetic field homogeneity in differ- 
ent parts of the line of sight may also cause depolarization of 
initially polarized light. Moreover, it is possible that some of 
the member stars may have an intrinsic source of linear po- 
larization. In that case, the intrinsic component of polariza- 
tion may enhance or depolarize the interstellar component 
of polarization of that particular star. To apply the method 
successfully to estimate the cluster membership probability 
based on interstellar polarization, the amount of interstellar 
selective extinction and polarization vector should be similar 
for all the member stars of a cluster. 

To test the consistency of this technique we selected 
six open clusters for analysis based on the following crite- 
ria: (1) available interstellar polarization data, (2) existence 
of a proper-motion cluster membership probability and (3) 
all samples distributed over a wide coverage of reddening. 
The third criterion is set to check the dependency of polar- 
ization upon reddening. The open clusters Hogg 15, NGC 
6611, NGC 5606, NGC 6231, NGC 5749 and NGC 5606 ful- 
fill the above criteria with a the reddening coverage from 
1.15 to 0.37. A brief description of the clusters follows and 
the important parameters of the clusters are given in Table 

m 

The 6 ± 2-Myr-old highly reddened open cluster Hogg 
15 is located at a distance of 3 ±0.3 kpc (Sagar et al. 2001). 
It is one of the few clusters known to lie in the second in- 
ner arm of our Galaxy. Hogg 15 is effected by non-uniform 
reddening across the cluster. The differential and average 
values of the reddening are nearly 0.20 mag and 1.16 ± 0.03 
mag, respectively (Sagar et al. 2001, Moffat 1974). Orsatti 
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et al. 1998 have performed a multi-band polarimetric study 
on 23 stars in Hogg 15. Of these 23 stars, only 17 have 
an available proper-motion cluster membership probability 
(Dias et al. 2006). So, for analysis we have taken the polari- 
metric data from Orsatti et al. 1998 and the proper-motion 
cluster membership probability from Dias et al. 2006. 

NGC 6611 is a very young open cluster located at a 
distance of 3.2 ± 0.30 kpc and embedded in an ionized hy- 
drogen complex (M16) in the Sagittarius spiral arm (Win- 
ter et al. 1997, Sagar et al. 1979). The extinction law in 
the cluster NGC 6611 is variable. The value of extinction 
found by different observers varies from Rv = 2.5 ± 0.6 
to R v = 3.4 ± 0.7 (Turner 1994, Sagar et al. 1979, Gebel 
1968, Johnson 1968). The average and differential values of 
reddening are nearly 0.85 ± 0.05 mag and 0.63 mag, respec- 
tively (Piatti et al. 2002, Sagar et al. 1979). IR studies con- 
cluded that the variable extinction in the north-west area of 
the cluster is caused either by circumstellar or intra-cluster 
dust (de Winter et al. 1997, Hillenbrand et al. 1993, Chini 
et al. 1983, Sagar et al. 1979). Orsatti et al. 2000 have per- 
formed a multi-band polarimetric study on 39 stars in this 
cluster. So, for analysis we have taken the polarimetric data 
from Orsatti et al. 2000 and the proper-motion cluster mem- 
bership probability for all 39 stars from Belikov et al. 1999. 

The 6 ± 2-Myr-old open cluster NGC 5606 is located at 
a distance of 2.4 kpc (Piatti et al. 2002, Vazquez et al. 1991). 
The reddening across the cluster is variable. Differential 
and average values of reddening are nearly 0.32 mag and 
0.50 ± 0.05 mag, respectively (Piatti et al. 2002, vazquez 
et al. 1994). Orsatti et al. 2007 have made multi-band po- 
larimetric observations on 54 stars in the direction of NGC 
5606. Of these 54 stars only 20 have an available proper- 
motion cluster membership probability. So, for analysis, we 
have taken the polarimetric data from Orsatti et al. 2007 
and the proper-motion cluster membership probability from 
Dias et al. 2006. 

NGC 6231 is a young open cluster located in the core 
of the Sco OBI association at a distance of 1.6 ± 0.05 kpc. 
The age of the cluster is nearly 4 ± 1 Myr (Sana et al. 2007, 
Piatti et al. 2002). The average reddening of the cluster is 
0.46 ± 0.05 mag and it is variable inside the cluster (Sung 
et al. 1998). The value of differential reddening across the 
cluster is nearly 0.28 mag (Feinstein et al. 1968). Feinstein 
et al. 2003 have performed a multi-band polarimetric study 
on 35 stars in the cluster. In this paper we use the polarimet- 
ric data from Feinstein et al. 2003 and the proper-motion 
cluster membership probability for all 35 stars form Dias 
et al. 2006. 

The 27-Myr-old, poorly populated open cluster NGC 
5749 lies near the south-western edge of the Lupus con- 
stellation and is located at a distance of 1.28 ± 1.18 kpc 
(Claria et al. 1992) . The average reddening of the cluster is 
nearly 0.42 ± 0.04 mag(Claria et al. 1992). The reddening 
across the cluster is variable and the value of differential 
reddening is nearly 0.13 mag (Claria et al. 1992). Vergne 
et al. 2007 have performed multi-band polarimetric obser- 
vations on 31 comparatively bright stars in the cluster NGC 
5749. Of these 31 stars, only 15 have an available proper- 
motion cluster membership probability. So, for analysis, we 
have taken the polarimetric data from Vergne et al. 2007 
and the proper-motion cluster membership probability from 
Dias et al. 2006. 



The open cluster NGC 6250 lies at the boundary of 
the next inner spiral (Sag-Car) feature and is located at 
a distance of 1.0 kpc (Bayer et al. 2000). It is effected by 
differential reddening across the cluster and the values of 
differential and average reddening are nearly 0.28 mag and 
0.33 ± 0.05 mag, respectively (Bayer et al. 2000, Herbst 
1977). The estimated age of the cluster is nearly 14 Myr 
(Bayer et al. 2000). Feinstein et al. 2008 have performed a 
multi-band polarimetric study on 32 stars in this cluster. Of 
these 32 stars 29 have a proper-motion cluster membership 
probability. So, for analysis the polarimetric data and the 
proper-motion cluster membership probabilities are taken 
from Feinstein et al. 2008 and Dias et al. 2006, respectively. 



3 ESTIMATION OF THE POLARIMETRIC 
CLUSTER MEMBERSHIP PROBABILITY 

The proper-motion cluster membership probability can be 
used as a reference for a consistency test of the polarimetric 
cluster membership probability. The stars of the different 
clusters were divided into four groups based on the proper- 
motion cluster membership probabilities, viz., (1) proper- 
motion members with very high cluster membership proba- 
bility, i.e. , > 80%, (2) proper-motion members with a cluster 
membership probability between 50% and 80%, (3) proper- 
motion non-members with a cluster membership probability 
< 50% and (4) proper-motion non-members with very low 
cluster membership probability, i.e. , < 20% (Baumgardt 
et al. 2000, Berger 1982). 

The cluster membership probability (Mp po i p ) is esti- 
mated from the average deviation of the Stokes vectors q 
and u of an individual star from the mean values of q and u 
of the proper-motion group-one stars (groups of stars with 
very high proper-motion membership probability > 80%). 
We may consider the proper-motion group-one stars as rep- 
resentative of a particular cluster because they have a very 
high membership probability. Percentage scaling/calibration 
of Mp po i p is performed using the full ranges (difference 
between maximum and minimum) of the Stokes vectors q 
and u, considering the same scale of 100% cluster member- 
ship probability. So, to estimate any individual star's cluster 
membership probability we compare the average deviation 
of the Stokes vectors with these ranges. The ranges of q 
and u are determined as being between the proper-motion 
group-one and group-four stars. 

However, it is not possible to apply the same technique 
in a cluster where the proper-motion cluster membership 
probability for individual stars is not available. Keeping this 
in mind, we introduce another polarimetric cluster member- 
ship probability (Mp po i a ), which can be easily estimated 
without prior proper-motion cluster membership informa- 
tion. The new cluster membership probability Mp po i a is es- 
timated in a similar way as for Mp po i p , but the mean values 
and ranges of the Stokes vectors q and u are calculated con- 
sidering all the stars available in a particular cluster. 

4 SCATTER OF STOKES VECTORS 

In cluster membership studies we consider a star to be a 
member of a particular cluster if the cluster membership 
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Figure 1. Polarization Stokes vectors and for stars with an available proper-motion cluster membership probability. Proper- 

motion cluster members are shown by filled-circle and non-members by open-circle symbols. The same range of X («(%)) and Y (<?(%)) 
scales are used in all the plots to visualize and compare the scatter in the different clusters. 
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Table 2. Reddening and scatter of the clusters 



Cluster 


E(B - V) 


AE(B - 


V) Scatt b 


Scatt a 


(1) 


(2) 


(3) 


(4) 


(5) 


Hogg 15 


1.16 ± 0.03 


0.20 


1.02 ± 0.34 


0.64 ± 0.28 


NGC 6611 


0.85 ± 0.05 


0.63 


1.74 ± 0.44 


1.39 ± 0.43 


NGC 5606 


0.50 ± 0.05 


0.32 


1.02 ± 0.28 


1.16 ± 0.47 


NGC 6231 


0.46 ± 0.05 


0.28 


0.72 ± 0.14 


0.73 ± 0.14 


NGC 5749 


0.42 ± 0.04 


0.13 


0.34 ± 0.19 


0.34 ± 0.19 


NGC 6250 


0.33 ± 0.05 


0.28 


0.85 ± 0.49 





probability is > 50%, and consider it a non-member star 
otherwise. To present the difference in polarization between 
proper-motion member and non-member stars, we plot the 
Stokes vectors u(%) and q{%) for all six open clusters in 
Figure [T] in decreasing order of reddening. The filled circles 
represent the proper-motion member stars and the open cir- 
cles represent the proper-motion non-member stars. 

In Section 2, it was stated that the member stars of 
a particular cluster should show similar interstellar polar- 
ization and position angle if their light outputs encounter 
the same amount of dust grains and homogeneous magnetic 
field, and they are all located at nearly the same distances. If 
all the member stars satisfy these conditions then we could 
expect to observe a clustering of all the member stars in a 
u(%) versus q{%) plot. 

We could easily infer from Figure [T] that the clustering 
of the member stars is very low in NGC 6611 while it is 
high in NGC 5749, compared with other clusters, or that 
the scatter of the member stars is very high in NGC 6611 
and low in NGC 5749. However, by visual inspection it is 
very difficult to quantify the scatter of the member stars 
in the different clusters. Therefore, we have estimated the 
scatter (Scatty) and respective errors of the member stars 
in the different clusters, listed in the fourth column of Table 
[2] Scattb is estimated from the square root of the sum of the 
squares of the Stokes vectors' standard deviations. It is clear 
from Scattb and Fig. 1 that the scatter of the member stars 
in Hogg 15, NGC 6611 and NGC 5606 is high compared 
to that in NGC 6231, NGC 5749 and NGC 6250. In the 
case of clusters NGC 6611, NGC 5606, NGC 6231 and NGC 
5749, it is also found that Scattb follows the cluster's average 
reddening, i.e., the scatter is high towards higher reddening 
and vice versa. But, the clusters Hogg 15 and NGC 6250 
do not follow the trend of reddening and scatter followed by 
the other four clusters. Further investigation is necessary for 
make a more precise conclusion. 



5 STARS HAVING SOURCES OF INTRINSIC 
POLARIZATION 

It has already discussed in Section 2 that our method is 
based on interstellar polarization data, which are extrin- 
sic in nature and not variable in time. However, there is 
a chance that some stars in our sample may be sources of 
intrinsic polarization. Hence, we have to exclude all those 
stars from our sample which are sources of intrinsic polar- 
ization or produce variable polarization, e.g., young stellar 
objects, variable stars etc. 

In the cluster Hogg 15, the proper-motion cluster mem- 

©2012 RAS, MNRAS 000, 000-000 



0.6 



0.2 





1 1 1 1 1 1 1 1 1 


i i i | i i i 
NGC661 1 


- 


- 




NGC5606 


- 




NGC6231 








Hogg 15 






' 1 


NGC5749 
i i I i i i i I i 







0.5 1 1.5 2 

Scatt a 

Figure 2. Scatter (Scatt a ) versus differential intra-cluster red- 
dening (AE(B — V)) plot for different clusters 



bership probability and polarization data are available for 
17 stars, and 9 of them have proper-motion cluster member- 
ship probabilities greater than 50%. According to the po- 
larimetric study by Orsatti et al. 1998, the proper-motion 
member stars #14 and #3 (HD 311884) are both probable 
sources of intrinsic polarization (Feinstein et al. 1971). The 
Wolf-Rayet star HD 311884 is a short-period binary with 
strongly variable polarization, modulated by the stellar or- 
bits (Moffat et al. 1990). The proper-motion member stars 
#16 and #4 are both variable in nature, one being a T-Tauri 
star and other a Wolf-Rayet star (Moffat 1974). 

The proper-motion cluster membership probability and 
polarization data are available for 39 stars in the cluster 
NGC 6611 and only 15 of them have proper-motion clus- 
ter membership probabilities greater than 50%. According 
to Martayan et al. 2008, the proper-motion member stars 
#175, #313 and #25 are binary in nature, and #503 is a 
pre-main sequence star. The polarimetric study of the clus- 
ter NGC 6611 reveals that the member star #166 is a source 
of intrinsic polarization (Orsatti et al. 2000). 

In the cluster NGC 5606, 19 stars have an available 
proper-motion cluster membership probability and polari- 
metric data, and 13 of them have proper-motion cluster 
membership probabilities greater than 50%. According to 
the polarimetric study of the cluster NGC 5606, the proper- 
motion member stars #1, #2, #12, #13, #14, #17 and 
#36 are probable sources of intrinsic polarization (Orsatti 
et al. 2007). 

The proper-motion cluster membership probability and 
polarimetric data are available for 35 stars in the cluster 
NGC 6231, and 25 of them have proper-motion membership 
probabilities greater than 50%. The proper-motion member 
star #CPD-417733 is a short-period binary (Sana et al. 
2008). The polarimetric study of the cluster NGC 6231 re- 
veals that the proper-motion non-member stars #70, #73, 
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Table 3. Membership probability for the stars in the sample 



ID 


E(B - V)(ma t 


r) Mp prop {%) Mp. 


vol 


(%) M Ppol "(%) 


(1) 


(2) 


(3) 


(4) 


(5) 


Hogg 15 


05 


1.24 


81 


66 


75 


08 


1.42 


81 


68 


69 


10 


1.19 


86 


70 


80 


17 


0.67 


82 


71 


71 


23 


1.05 


68 


60 


74 


02 


1.12 


47 


74 


83 


06 


1.13 





72 


76 


11 


0.00 





51 


58 


15 


1.33 





81 


81 


19 


1.09 


14 


94 


91 


20 


1.09 





58 


66 


21 


1.25 


21 


55 


62 


22 


0.99 


29 


35 


54 


NGC 6611 


150 


0.76 


88 


90 


94 


166 


0.88 


98 


76 


82 


175 


1.16 


97 


75 


76 


223 


0.85 


80 


77 


79 


313 


0.72 


89 


90 


94 


351 


0.71 


91 


75 


76 


411 


0.10 


88 


79 


84 


503 


0.80 


81 


51 


61 


025 




53 


53 


55 


231 


1.01 


62 


55 


59 


307 




60 


67 


71 


343 


1.11 


72 


86 


86 


367 


0.54 


69 


85 


89 


371 




58 


63 


70 


444 


1.06 


79 


84 


84 


197 


0.77 


3 


70 


77 


205 


0.79 


40 


79 


85 


254 


0.73 


11 


93 


96 


259 


1.00 


8 


76 


76 


275 


0.72 


12 


86 


86 


280 


0.73 


23 


83 


88 


296 




3 


61 


68 


297 


0.92 


23 


83 


83 


301 


0.95 


7 


97 


98 


311 


0.76 


26 


84 


89 


349 


0.52 


30 


71 


80 


374 


0.56 


4 


80 


85 


388 




1 


67 


71 


401 


0.71 


25 


60 


64 


402 




28 


48 


57 


NGC 5606 


01 


0.58 


80 


66 


72 


02 


0.56 


79 


69 


89 


06 


0.53 


64 


75 


89 


09 


0.50 


84 


63 


13 


12 


0.52 


60 


83 


87 


13 


0.35 


73 


71 


85 


14 


0.49 


51 


58 


58 


15 


0.57 


79 


80 


74 


17 


0.52 


76 


70 


70 


21 




83 


81 


95 


36 


0.54 


63 


78 


92 


57 




84 


86 


86 


60 


0.48 


55 


73 


67 


07 


0.51 


37 


70 


84 



Table 4. Continuation of table [3] 



ID E(B 


- VQ(niag) Mp prop {%) Mp pol P 


(96) M Ppol a (%) 


(1) 


(2) 


(3) 


(4) 


(5) 


NGC 5606 


10 


0.49 


16 


50 


70 


20 




01 


77 


94 


21 




01 


16 


67 


58 


0.54 


15 


68 


89 


59 


0.43 


30 


75 


93 
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Cluster Membership 7 



#220 and #254 are probable sources of intrinsic polarization 
(Feinstein et al. 2003). 

Only 15 stars have an available proper-motion cluster 
membership probability and polarimetric data in the clus- 
ter NGC 5749 (Vergne et al. 2007, Dias et al. 2006). Of the 
15 stars, only 3 have proper-motion membership probabili- 
ties greater than 50%. The proper-motion non-member star 
#75 is a probable source of intrinsic polarization (Vergne 
et al. 2007). 

In the cluster NGC 6250 proper-motion cluster mem- 
bership probability and polarization data are available for 
33 stars, and only 3 of them have proper-motion membership 
probabilities greater than 50%. According to the polarimet- 
ric study of the cluster NGC 6250, the proper-motion mem- 
ber stars #11 and #35, and non-member stars #13, #18, 
#19, #37 are probable sources of intrinsic polarization (Fe- 
instein et al. 2008). 

The above mentioned proper-motion member stars in 
different clusters are shown in FigfT] and are probable 
sources of intrinsic and/or variable polarization. After ex- 
cluding all these stars from the sample of proper-motion 
member stars, the scatter is similar to the case when they 
are included in the clusters NGC 5606, NGC 6231 and NGC 
5749. However, the scatter decreases in the clusters Hogg 15, 
NGC 6611 and NGC 6250. The estimated scatter (Scatt a ) 
and the respective errors of the different clusters after exclu- 
sion of stars that are probable sources of intrinsic polariza- 
tion or produce variable polarization are given in the fifth 
column of Table [2] 



6 POLARIMETRIC CLUSTER MEMBERSHIP 
PROBABILITY FOR STARS 

There are very few open clusters with available interstellar 
polarization data and a proper-motion cluster membership 
probability. After an extensive database survey we found 
six open clusters for analysis. Of these six clusters, two of 
them, NGC 5749 and NGC 6250, have only three stars with 
an available proper-motion cluster membership probability. 
After excluding the stars having probable sources of intrin- 
sic/variable polarization only one proper-motion member 
star is left in the cluster NGC 6250. So, it is impossible 
to comment about the scatter Scatta in the cluster NGC 
6250. 

If we assume that the scatter Scatta of the Stokes vec- 
tors «(%) and q(%) depends on the differential intra-cluster 
reddening AE(B — V), then Scatta should increase with 
increasing AE(B - V). The values of AE(B - V) for all 
six open clusters are given in the third column of Table 
[5] Of these six clusters NGC 5749 has the lowest value of 
AE(B-V) ~ 0.13 mag and NGC 6611 has the highest value 
of AE{B - V) ~ 0.63 mag. A Scatt a versus AE{B - V) plot 
is shown in Figure [21 The cluster NGC 6250 is not included 
in the plot because only one member star is left in the sam- 
ple. It is clear from the plot that Scatt a increases almost 
proportionally with AE(B — V) and all the five clusters fol- 
low a similar trend. Therefore, the above analysis suggests 
that the scatter of the Stokes vectors u(%) and q(%) of the 
proper-motion member stars depends on the intra-cluster 
differential reddening AE(B — V) of different clusters. 

The cluster membership probabilities Mp prop , Mp po i p 



and Mp po i a of different stars belonging to a particular clus- 
ter are given in the third, fourth and fifth columns of Table[3] 
and Table |3] Mp prop is the cluster membership probability 
based on the proper-motion study given in the third col- 
umn. Mp po i v and Mp po i a are the cluster membership prob- 
abilities based on the interstellar polarimetric data given in 
the fourth and fifth columns. Details about the estimation 
of the cluster membership probabilities Mp po i p and Mp po i a 
were discussed in Section 3. The estimations of Mp po i p and 
Mp po i a axe based on interstellar polarimetric data, though 
in the case of the estimation of Mp po i p , the proper-motion 
cluster membership probability is used as a reference. From 
Table [3] and [4] it is found that both Mp po i p and Mp po i a are 
comparable, and the cross-correlation coefficient (r) between 
them is 0.92. 

Using a cluster membership criterion (membership 
probability > 50% for member stars and < 50% for 
non-member stars) we divided the stars into two groups, 
members and non-members. It is found that for proper- 
motion member stars both the polarimetric cluster mem- 
bership probabilities Mp po i p and Mp po i a follow the proper- 
motion cluster membership probability Mp prop , and fall 
into the same group, i.e., member stars group. The cross- 
correlation coefficients (r) between Mp prop and Mp po i p , and 
Mpp r0 p and Mp po i a are 0.70 and 0.72, respectively. But 
for proper motion non-member stars the polarimetric mem- 
bership probabilities Mp po i p and Mp po i a do not follow the 
proper-motion cluster membership probability Mp prop . The 
polarimetric cluster membership probabilities Mp po i p and 
Mp po i a should fall in the non-member stars group, but they 
fall into the opposite group. 

Figure [3] shows a comparison between proper-motion 
and polarization cluster membership probabilities for the 
stars belonging to the cluster NGC 6231. The left hand side 
histograms show a comparison between Mp prop and Mp po i a 
for the proper-motion member stars, and the right hand side 
histograms show a comparison for the proper-motion non- 
member stars. The dotted and lined histograms present the 
cluster membership probabilities determined by the polar- 
ization and proper-motion techniques, respectively. It can 
be easily inferred from Figure [3] that for the proper-motion 
member stars, the polarimetric cluster membership proba- 
bilities are in good agreement with the proper-motion cluster 
membership probability whereas for the proper-motion non- 
member stars the polarimetric cluster membership probabil- 
ities totally disagree with the proper-motion cluster mem- 
bership probability. 



7 OPEN CLUSTER NGC 6231 

Let us consider the cluster NGC 6231 to study the consis- 
tency and validity of the polarimetric membership proba- 
bility in detail. The reddening E(B — V) and membership 
probabilities Mp prop , Mp po i p and Mp po i a of the different 
individual stars are given in the second, third, fourth and 
fifth columns of Table [5] The maximum value of polariza- 
tion (Pmax) and wavelength (Xmax) are given in the sixth 
and eighth columns of Table [5] Xmax and P max are both 
functions of the optical properties and characteristics of the 
particle size distribution of the aligned dust grains (McMil- 
lan 1978, Wilking et al. 1980). The value of Xmax and 
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Table 5. Results for NGC 6231 



ID £(B - V)(mag) Mp prop (%) Mp pol P(%) Mp pol a {%) P m ax± e (%) ai A ma:E ± e W ? 

(1) (2) (3) (4) (5) (6) (7) (8) (9) 
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Mp pol a is 67%, 86%, 94%, 86%, 97% and 86%, respectively. 
So, it is clear from the above discussions that in the proper- 
motion non-member regime the methods do not agree. The 
main reason behind this may be the fundamental differences 
between the two techniques: Mp prop is based on the stellar 
proper motion in space and Mp po i a is based on the inter- 
stellar linear polarization, i.e., the selective extinction of star 
light by aligned asymmetric dust grains present in the inter- 
stellar medium along the line of sight. 

Since reddening and polarization both originate from 
similar physical mechanisms, it is expected that the stars 
#238 and #248 should have the same value of polarimetric 
cluster membership probability as they both have the same 
value of reddening ~ 0.47 mag. However, experimentally, 
this is found to not be the case. We have already stated 
in Section 2 that the correlation between normal and selec- 
tive extinction by the asymmetric aligned dust grains can- 
not be maintained for all cases due to the variations of grain 
size and alignment efficiency. The entire population of dust 
grains which are not aligned and elongated may contribute 
only to reddening and not to polarization. The value of \ m ax 
for star #238 is 0.55 pan and for star #248, it is 0.47 pm. 
From these values, it is clear that the line of sight for both 
stars is not populated by grains of similar size, generated 



are calculated by fitting the observed interstellar polariza- 
tion data in U, B, V, R and / band-pass filters using the 
standard Serkowski's polarization law (Feinstein et al. 2003, 
Serkowski 1973): 

P\/P max = exp [- k In 2 (A mQI /A)] (1) 

and adopting the parameter K = 1.66 Xmax ± 0.01 (Whittet 
et al. 1992). 

The stars #034, #194, #261 and #253 have a value 
of E(B — V) c=! 0.46 mag, which is nearly equal to the av- 
erage value of cluster reddening. The proper-motion clus- 
ter membership probability Mp prop and polarimetric clus- 
ter membership probability Mp po i a for these four stars are 
81%, 90%, 90% and 23%, and 74%, 96%, 93% an d 91%, re- 
spectively. Mp prop for star #253 is 23% and Mp po i a for the 
same star is 91%. So, according to proper-motion technique, 
star #253 is a non-member, but according to the polarimet- 
ric technique it is a member star of the cluster NGC 6231. 
The same trend is observed for the remaining proper-motion 
non-member stars. For example, the stars #70, #73, #102, 
#220, #254 and #290 have reddening E(B - V) values of 
0.54, 0.64, 0.45, 0.47, 0.47 and 0.53 mag. The proper-motion 
cluster membership probability Mp prop for all these stars is 
00.0%, but the polarimetric cluster membership probability 
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Figure 3. Comparison of cluster membership probability for the stars belonging to the cluster NGC 6231, determined by two different 
techniques based on proper-motion and interstellar polarization, respectively. The left hand side histogram shows a comparison between 
the proper-motion and polarization cluster membership probability for the proper-motion member stars and the right hand side histogram 
shows a comparison for the proper-motion non-member stars. The dotted and lined histograms represent the results determined by the 
polarization and proper-motion cluster membership techniques, respectively. 



by a similar method. Hence, it is possible to have different 
interstellar linear polarizations as well as different Mp po i a 
for different stars even though they all have the same value 
of reddening. 



8 DISCUSSION 

From the above results and analysis it is found that our 
method of estimating the cluster membership probability 
using linear polarimetric data is applicable only to proper- 
motion member stars. We can apply this technique to esti- 
mate the cluster membership probability for known mem- 
ber stars having no membership probability. However, other 
techniques are required to eliminate probable non-member 
stars and stars having sources of intrinsic polarization from 
the membership sample. Our technique can then be used 
to determine the cluster membership probability of any star 
belonging to a particular cluster. 

The dispersion of reddening/extinction of a particular 
star from the mean value of that specific cluster may be used 
to determine the probable non-member stars in a cluster. 
Alternatively, the cluster photometry could be used to iden- 
tify the probable non-member stars in a cluster. Polarimetry 
is also a very powerful tool for determining stars that have 
sources of intrinsic polarization. The unit weight error of the 
fit (oi) and dispersion of position angle (?) for the stars be- 
longing to cluster NGC 6231 were determined (given in the 
seventh and ninth column of Table O. A value of eri, calcu- 
lated for each star during the fitting of Serkowski's law, of 
less than 1.5 due to the weighting scheme indicates that the 



polarization is well represented by Serkowski's interstellar 
polarization law (Medhi et al. 2010, 2008, 2007). A higher 
value could be indicative of the presence of intrinsic polar- 
ization. The dispersion of the position angle (?) for each star 
normalized by the mean value of the position angle errors is 
another tool for detecting stars having sources of intrinsic 
polarization. 

We consider seven proper-motion non-member stars 
from the open cluster NGC 6231 #70, #73, #102, #220, 
#253, #254 and #290, and assume that proper-motion 
membership probabilities are not available for all of them. 
According to the polarimetric cluster membership probabil- 
ity, all of them have a membership probability of > 50%, i.e., 
all the seven proper-motion non-member stars were identi- 
fied as being member stars of the cluster NGC 6231. We 
can use the multi-band linear polarimetric data of the same 
stars as a supplement to identify whether they are members 
or non-members. According to a multi-band linear polari- 
metric study, the dispersion of position angle ? for all the 
seven stars is very high (^6), which implies that they are 
all probably sources of intrinsic polarization. Therefore, we 
could easily eliminate them as non-member stars from our 
sample of polarimetric member stars. 

The European Space Agency's space mission Global As- 
trometric Interferometer for Astrophysics (GAIA) will cre- 
ate an extremely precise three-dimensional map of stars 
throughout our Milky Way galaxy and beyond. One of the 
main objectives is to determine the positions, distances and 
annual proper motions of nearly one billion stars with an 
expected accuracy of about 7-22 fj,as down to 15 mag and 
sub-pas accuracies at the fainter limit of nearly 20 mag (Lin- 
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degren et al. 2007). It is expected that the GAIA will provide 
very accurate membership information of all stars belongs 
to open clusters. Once the GAIA data is available, it would 
provide a much larger sample for cross-checking the polari- 
metric method. 



9 SUMMARY 

The findings of the cluster membership study using a po- 
larimetric approach can be summarized as follows. 

We have analyzed interstellar polarimetric data for six 
open clusters, Hogg 15, NGC 6611, NGC 5606, NGC 6231, 
NGC 5749 and NGC 6250, and estimated the polarimet- 
ric cluster membership probabilities for stars belonging to 
a particular cluster. The analysis suggests that the scatter 
of the Stokes vectors q(%) and u(%) of the proper-motion 
member stars increases with the highly varying intra-cluster 
reddening, AE(B - V). 

For proper-motion member stars, the polarimetric clus- 
ter membership probability Mp po i a and proper-motion clus- 
ter membership probability Mp prov agree. However, for 
proper-motion non-member stars, the polarimetric cluster 
membership probability is in total disagreement with the 
proper-motion cluster membership probability, showing that 
the polarimetric method is inaccurate for non-member stars. 
This may be because of fundamental differences between the 
two methods, in that one is based on the stellar proper- 
motion in space and other is based on the interstellar po- 
larization, i.e., the selective extinction of the stellar output 
by the asymmetric aligned dust grains present in the line of 
sight. 

The polarimetric cluster membership determination 
technique could be used to estimate the cluster member- 
ship probability of any star belonging to a particular clus- 
ter if we can identify it as a probable member/non- member 
of that particular cluster using additional polarimetric and 
photometric information for that star, such as the maximum 
value of the wavelength \ ma x, the unit weight error of the 
fit 01, the dispersion in the polarimetric position angles e, 
the reddening E(B — V) or the differential intra-cluster red- 
dening AE(B — V). This technique could also be used to 
estimate the cluster membership probability for the known 
member stars with unknown membership probability as well 
as to resolve disagreements about membership between dif- 
ferent proper-motion surveys (Dias et al. 2006, Baumgardt 
et al. 2000, Belikov et al. 1999, Tucholke et al. 1986, Berger 
1982). 
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